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Abstract—The results of molecular composition modeling are presented for the well studied low-mass
star-forming region TMC-1 and the massive star-forming region DR21(OH), which is poorly studied from
a chemical point of view. The column densities of dozens of molecules, ranging from simple diatomic to
complex organic molecules, are reproduced to within an order of magnitude using a one-dimensional model
for the physical and chemical structure of these regions. The chemical ages of the regions are approximately
105 years in both cases. The main desorption mechanisms that are usually included in chemical models
(photodesorption, thermal desorption, and cosmic-ray-induced desorption) do not provide suﬃcient gas-
phase abundances of molecules that are synthesized in surface reactions; however, this shortcoming can be
removed by introducing small amount of reactive desorption into the model. It is possible to reproduce
the properties of the TMC-1 chemical composition in a standard model, without requiring additional
assumptions about an anomalous C/O ratio or the recent accretion of matter enriched with atomic carbon,
as has been proposed by some researchers.
DOI: 10.1134/S1063772913110036
1. INTRODUCTION
One of the main diﬃculties in studying star for-
mation is that this process can hardly ever be ob-
served directly. To determine the conditions for star
formation, indirect methods enabling estimation of
the key physical parameters of this process based on
observational data are used. Chemical modeling is
an especially versatile diagnostic tool; in combination
with spectral observations, it provides a way to esti-
mate the evolutionary stage of a protostellar object.
Furthermore, it is necesary to know the molecular
composition of the studied region to more accurately
determine the contributions of atoms and molecules
to the thermal balance of matter and to estimate
the eﬃciency of the interaction between matter and
magnetic ﬁelds, provided that we know the degree of
ionization.
It is generally believed that diﬀerent evolution-
ary stages of protostellar objects are associated with
diﬀerent molecular tracers. For example, the main
molecules that are observed in the prestellar core
*E-mail: okochina@inasan.ru
stage are CO, HCO+, CS (the envelope), N2H+,
N2D+, NH3, H2D+, D2H+, and D+3 (the core). In
this stage, the chemical composition is determined
by the freezing-out of most molecules onto dust par-
ticles [1]. Class 0 protostellar objects are identiﬁed
by the presence of spectral lines of N2H+, NH3 (en-
velopes), H2O, SiO, CH3OH, SO (outﬂows), and
complex organic compounds (hot cores). In this case,
the molecular composition is explained by the evap-
oration of dust mantles accompanied by the ejection
of complex molecules that have been synthesized on
dust grains into the gas phase [2–5].
Astrochemical modeling is becoming a standard
approach to explaining spectral observations of both
individual protostellar objects and entire star-forming
regions. However, uncertainties in the external and
internal parameters of a chemical model can hinder
the ability to draw of reliable conclusions. One impor-
tant criterion for a model to be adequate is its ability
to simultaneously describe the evolution of an appre-
ciable number of molecules—both simple molecules
consisting of two or three atoms and more complex
ones, with high or low abundances.
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Information about the concentrations of a large
number of molecules in a given object can be obtained
from spectral surveys based on high-resolution spec-
tral observations in a wide frequency range. A large
number of lines associated with dozens of molecules,
including both simple and complex compounds, are
observed simultaneously in such spectral surveys.
Unfortunately, the ﬂip side of the wide frequency
range is that, as a rule, we can only study one
position towards a single object of interest at a time.
Therefore, abundances estimated using spectral sur-
veys generally correspond to some average molecular
composition of the object, which complicates their
comparison with chemical modeling results. Nev-
ertheless, the ﬁtting of observations is not possible
without this modeling.
In this paper, we present astrochemical model-
ing results for two star-forming regions in diﬀerent
evolutionary stages—TMC-1 and DR21(OH)M—in
which column densities of dozens of molecules have
been measured. Section 2 describes the model used.
Sections 3 and 4 are devoted to the modeling results
for TMC-1 and DR21(OH)M, respectively. Section 5
discusses the conclusions drawn from our study.
2. THE MODEL OF A PROTOSTELLAR
OBJECT
The “Presta” multi-point model for the chemical
evolution of prestellar and protostellar objects that
was used in this work has been developed at the In-
stitute of Astronomy of the Russian Academy of Sci-
ences since 1994 [6–8]. Its current version enables
modeling of the collapse of a spherically symmetric
core irradiated by both external, diﬀuse radiation and
a central source (protostar) with given parameters [9,
10]. The region studied is divided into concentric
cells, in each of which the dust temperature, gas
temperature, density, and extinction for external and
internal radiation are speciﬁed. The distributions
of the temperature, density, and radiation ﬁeld in a
spherically symmetric approximation can be calcu-
lated using the radiative transfer model [10], or speci-
ﬁed by hand.
The evolution equations of chemical kinetics, in-
cluding gas-phase reactions, the formation and de-
struction of ice mantles on dust grains, and surface
reactions, are integrated in each cell until a speciﬁed
age (2× 106 yr in our study). The initial elemental
chemical composition we used is provided in Ta-
ble 1. We considered initial compositions with purely
atomic hydrogen and with all the hydrogen being in
molecular form. The rates of gas-phase reactions
were calculated using the UMIST database [11]. The
model includes 582 components and 4524 gas-phase
reactions. The surface reactions were mainly taken
Table 1. Initial component abundances used in the model,
relative to hydrogen
Component Abundance
C 0.73 (−4)
N 0.214 (−4)
O 0.176 (−3)
F 0.2 (−7)
He 0.14
Si+ 0.3 (−8)
S+ 0.2 (−7)
Cl+ 0.3 (−8)
Na+ 0.3 (−8)
Mg+ 0.3 (−8)
F+ 0.3 (−8)
P+ 0.3 (−8)
Dust 0.2 (−12)
from [12, 13], supplemented by dimethyl ether and
methyl formate synthesis reactions [4]. The model
takes into account the tunneling of reagents through
barriers during chemical reactions. The diﬀusion-to-
desorption energy ratio was taken to be 0.5. Follow-
ing [14], we assumed that a fraction ξ of products
resulting from each surface reaction did not remain
in the mantle, but instead went immediately into the
gas phase (reactive desorption).
The formation of molecular dust mantles was
modeled using a basic value of 0.3 for the sticking co-
eﬃcient [9], which is multiplied, for each component,
by the fraction of speciﬁed molecules whose thermal
energy does not exceed their desorption energy (for
a Maxwell velocity distribution). In addition to
reactive desorption, other processes can also result in
mantle destruction, such as photodesorption, thermal
desorption, and cosmic-ray-induced desorption.
The calculated results for the one-dimensional
structure of an object enable us to determine the
column densities of molecules at arbitrary distances
from the direction toward the object’s center, and to
compare these with values derived from observations.
We consider here the ﬁt between the observations
and the model for the direction toward the center
of the object. We took the agreement for a speciﬁc
component to be satisfactory if the diﬀerence between
the theoretical and observational column densities did
not exceed an order of magnitude. Our choice of this
criterion was due to both the imperfect interpretation
of the observations and uncertainties in the chemical
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Table 2. Calculated and observed column densities for TMC-1. The theoretical values are given for t = 1.15× 105 yr.
Molecules that do not ﬁt the observations in model [27] are highlighted in bold
Component
Obser- Model Agree- Model Agree- Model Agree- Model Agree-
vations TMC-H2-003 ment TMC-H2-0 ment TMC-H-003 ment TMC-H-0 ment
CO 8.0 (17) 4.0 (18) + 4.0 (18) + 3.6 (18) + 3.6 (18) +
HCO+ 8.0 (13) 2.8 (14) + 2.8 (14) + 2.1 (14) + 2.0 (14) +
H2CO 5.0 (14) 1.3 (15) + 6.5 (14) + 3.1 (15) + 2.3 (15) +
H3CO+ 3.1 (13) 7.8 (12) + 3.4 (12) + 2.0 (13) + 1.5 (13) +
OH 2.7 (15) 9.5 (15) + 7.6 (15) + 8.3 (15) + 6.5 (15) +
C2O 6.0 (11) 5.1 (11) + 4.1 (11) + 1.5 (12) + 1.3 (12) +
NH3 2.0 (14) 1.8 (15) + 1.5 (15) + 2.4 (15) – 2.4 (15) –
N2H+ 4.0 (12) 6.2 (12) + 5.4 (12) + 4.9 (12) + 4.4 (12) +
CN 5.0 (13) 1.1 (14) + 1.1 (14) + 1.5 (14) + 1.6 (14) +
HCN 2.0 (14) 6.8 (14) + 6.4 (14) + 1.2 (15) + 1.2 (15) +
HNC 2.0 (14) 5.8 (14) + 5.6 (14) + 8.7 (14) + 8.7 (14) +
HCNH+ 2.0 (13) 8.2 (12) + 7.6 (12) + 1.5 (13) + 1.5 (13) +
HC3N 1.6 (14) 2.1 (14) + 2.1 (14) + 2.0 (14) + 2.1 (14) +
HC5N 5.6 (13) 4.3 (13) + 3.3 (13) + 8.2 (13) + 9.2 (13) +
HC7N 1.2 (13) 1.1 (13) + 4.9 (12) + 3.0 (13) + 2.5 (13) +
HC9N 8.4 (12) 4.8 (12) + 6.0 (11) – 1.4 (13) + 6.6 (12) +
C3N 6.0 (12) 4.7 (12) + 4.6 (12) + 6.4 (12) + 6.8 (12) +
C5N 3.0 (11) 1.0 (12) + 8.2 (11) + 3.7 (13) – 6.5 (13) –
CH 1.5 (14) 5.3 (13) + 6.9 (13) + 3.8 (14) + 5.4 (14) +
C2H 6.5 (14) 2.4 (14) + 2.4 (14) + 1.5 (15) + 1.6 (15) +
C5H 5.8 (12) 9.6 (12) + 9.2 (12) + 1.1 (14) – 1.4 (14) –
C6H 7.5 (12) 6.1 (12) + 5.8 (12) + 3.2 (14) – 4.1 (14) –
CH3OH 3.0 (13) 1.9 (14) + 7.8 (10) – 9.2 (13) + 1.8 (11) –
H2CCO 6.0 (12) 6.0 (13) + 5.9 (13) + 1.3 (14) – 1.3 (14) –
C3H2 1.1 (14) 3.0 (14) + 2.9 (14) + 3.3 (14) + 4.2 (14) +
CH3CCH 6.0 (13) 6.3 (12) + 6.0 (12) – 9.9 (13) + 1.5 (14) +
C4H 6.1 (14) 7.5 (13) + 7.1 (13) + 9.1 (14) + 1.1 (15) +
CH2CN 5.0 (13) 1.2 (13) + 1.2 (13) + 4.6 (13) + 6.0 (13) +
CH3C4H 1.8 (12) 9.1 (11) + 8.2 (11) + 1.5 (14) – 2.0 (14) –
C7H 1.5 (11) 1.2 (12) + 1.0 (12) + 5.3 (13) – 7.0 (13) –
C7H4 3.1 (12) 4.4 (11) + 4.1 (11) + 7.8 (13) – 1.1 (14) –
C8H 4.6 (11) 6.1 (11) + 5.3 (11) + 8.9 (13) – 1.3 (14) –
CH2NH 3.6 (13) 1.4 (13) + 1.1 (13) + 1.1 (14) + 8.2 (13) +
CH3CHO 6.0 (12) 3.6 (12) + 3.5 (12) + 5.8 (12) + 5.3 (12) +
CH3CN 6.0 (12) 3.1 (13) + 3.1 (13) + 3.5 (13) + 3.8 (13) +
HC3NH+ 1.0 (12) 3.7 (11) + 3.6 (11) + 3.7 (11) + 3.9 (11) +
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Table 2. (Contd.)
Component
Obser- Model Agree- Model Agree- Model Agree- Model Agree-
vations TMC-H2-003 ment TMC-H2-0 ment TMC-H-003 ment TMC-H-0 ment
CH3C3N 4.5 (11) 2.8 (12) + 2.8 (12) + 2.6 (12) + 2.5 (12) +
CH3C5N 7.4 (11) 8.4 (10) + 6.2 (10) – 1.3 (11) + 1.0 (11) +
CS 4.0 (13) 8.1 (13) + 7.8 (13) + 6.6 (13) + 5.9 (13) +
H2S 5.0 (12) 2.4 (12) + 3.4 (11) – 7.0 (11) + 1.5 (11) –
SO 1.0 (14) 3.6 (13) + 1.4 (13) + 1.6 (13) + 9.5 (12) –
OCS 2.0 (13) 1.1 (13) + 9.4 (12) + 1.0 (13) + 8.4 (12) +
C2S 3.4 (13) 1.8 (13) + 1.8 (13) + 1.6 (13) + 1.5 (13) +
C3S 1.0 (13) 7.3 (12) + 7.2 (12) + 6.9 (12) + 6.6 (12) +
SO2 1.0 (13) 9.6 (12) + 2.3 (12) + 7.2 (12) + 2.9 (12) +
H2CS 7.0 (12) 5.3 (13) + 5.0 (13) + 5.3 (13) + 4.3 (13) +
H2O 7.0 (14) 2.5 (16) – 2.5 (16) – 2.1 (16) – 2.1 (16) –
O2 7.7 (14) 3.2 (17) – 2.9 (17) – 2.1 (17) – 2.0 (17) –
C2 5.0 (14) 1.5 (13) – 1.4 (13) – 8.8 (13) + 9.5 (13) +
NO 3.0 (14) 2.2 (16) – 1.6 (16) – 9.6 (15) – 6.4 (15) –
C3O 1.0 (12) 5.1 (13) – 2.2 (13) – 5.0 (13) – 2.3 (13) –
C3H 8.0 (11) 7.4 (13) – 7.3 (13) – 1.0 (14) – 1.1 (14) –
HCOOH 2.0 (12) 8.9 (13) – 8.9 (13) – 1.4 (14) – 1.3 (14) –
CH2CHCN 4.5 (13) 1.3 (11) – 1.3 (11) – 6.6 (11) – 1.2 (12) –
HCS+ 4.0 (12) 5.8 (10) – 5.3 (10) – 5.3 (10) – 4.4 (10) –
modeling related to our imperfect knowledge of the
rate coeﬃcients of many reactions [15, 16].
3. THE TMC-1 REGION OF LOW-MASS
STAR FORMATION
We chose a dense region in the well studied cloud
TMC-1 as being a characteristic low-mass prestellar
object. This region is approximately 140 pc away [17]
and is part of the Taurus Molecular Region. The
TMC-1 region has been well studied in both the
continuum [18] and spectral lines [19]. Observations
have shown that the cloud stretches approximately
0.6 pc from Southeast to Northwest [20–22]. Map-
ping of CS and CCS lines [23, 24] indicates that the
cloud is a chain of separate dense clumps (labeled A–
E [24]) rather than a single structure. Diﬀerences
in the molecular distributions in diﬀerent regions of
the cloud, together with an IRAS source identiﬁed
in the northwestern part, suggest that diﬀerent star-
forming regions in TMC-1 are in diﬀerent evolution-
ary stages, ranging from the young southeastern to
the evolved northwestern parts [24–26].
We modeled one of these clumps, namely, the
starless, dense core D in the notation of [24], also
known as the “cyano-polyynes peak.” The rich
carbon chemistry of this core, and of TMC-1 as a
whole, makes this object interesting for astrochemical
studies. We compared the model with compiled data
on the molecular composition in TMC-1 from [27],
which contains the abundances of several dozen
molecules, of which 55 were involved in our model
(Table 2), enabling us to carry out a fairly full com-
parison. The data presented in [27] have been used to
test chemical models in a one-point approximation in
multiple studies (see, e.g., [28]). Although these data
are usually provided as relative abundances, they are
actually column densities divided by the mean hydro-
gen column density of 1022 cm−2 [29]. Thus, these
data are quite suitable for testing multipoint models
taking into account the nonuniform distribution of
matter and temperature in the object.
The physical structure of the core D has not been
determined in detail; therefore, we took a simple den-
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Table 3. Models considered in this work
Designation Physical model Initial state of H ξ
TMC-H-0 TMC-1 Atomic 0
TMC-H2-0 TMC-1 Molecular 0
TMC-H-003 TMC-1 Atomic 0.03
TMC-H2-003 TMC-1 Molecular 0.03
DR-H2-0 DR21(OH)M Molecular 0
DR-H2-003 DR21(OH)M Molecular 0.03
DRS-H2-0 DR21(OH)M with an internal source Molecular 0
DRS-H2-003 DR21(OH)M with an internal source Molecular 0.03
sity distribution in the form
n =
n0
1 + (r/r0)β
with the n0 = 4× 106 cm−3 (the density of hydrogen
nuclei), r0 = 5500 AU, and β = 2.5. These values
are close to those determined for most dense cores
in the region of interest [18, 30, 31]. The obtained
distribution is shown by the solid line in Fig. 1. The
dust temperature was taken to be 10 K throughout the
object. In the inner region, the core was assumed to
be isothermal, with equal gas and dust temperatures.
Since the temperature of the more rariﬁed gas in TMC
may be some tens of degrees Kelvin [32], the tempera-
ture at the periphery of the core was increased to 50 K
(the temperature proﬁle is also shown in Fig. 1). No
internal source was included in the model, since the
object is considered to be a starless core. We assumed
that the cloud is irradiated by an interstellar radiation
ﬁeld with an intensity of 1.8 Draine units [33].
The chemical evolution of the core was modeled
over 2× 106 years for the distributions of physical pa-
rameters described above (assumed to be constant).
The radial proﬁles of the molecular abundances for
55 molecules (Table 2) were used to calculate the
column densities in the direction toward the center
of the object. We considered four modeles: with the
initial hydrogen in atomic and molecular form, and
with two diﬀerent values of ξ, namely, zero and 3%.
The model designations are presented in Table 3.
Figure 2 shows how the relative numbers of
molecules whose column densities agree with the
observations change with time. For all four versions
of the core, there is an interval of best agreement
between the observations and calculated model cov-
ering ages from∼ 3× 104 to∼ 3× 105 yrs. However,
this area is only weakly expressed in the models in
which hydrogen is initially in atomic form, and the
maximum agreement does not exceed 70%. The peak
for the best ﬁts is much better deﬁned in the models
with initally molecular hydrogen, and corresponds to
an age of 105 yr. The best agreement (83%) is reached
in the model with molecular hydrogen and nonzero
reactive desorption for an age of 1.15 × 105 yr. This
best-ﬁt chemical age agrees, to order of magnitude,
with the results of other studies [27, 29, 34, 35].
The molecules whose theoretical column densities
agree with the observed values at t = 1.15× 105 yr to
within an order of magnitude are marked with a “+”
in Table 2. A comparison of the results for the four
calculated models indicates that the models with ini-
tially atomic hydrogen display worse agreement with
the obsevations, mainly due to the overproduction of
carbon chains, CnH, and similar molecules, which are
synthesized more eﬃciently in a medium with a higher
abundance of hydrogen atoms.
By and large, the modeling of TMC-1 was quite
successful. The calculated results agree with the
observatinal data for both simple and more complex
organic molecules, such as CH2CN, CH3CN, and
CH3CHO. Figure 3 shows the evolution of the col-
umn densities of a number of molecules in the model
TMC-H2-003, normalized to the observed column
densities. All the molecules that agree with the obser-
vations according to the adopted criterion can be di-
vided into three groups. The model column densities
of molecules of the ﬁrst group (which are, as a rule,
two- or three-atom molecules) do not diﬀer from the
observed column densities by more than an order of
magnitude over almost the entire considered interval
(Fig. 3a). Molecules in the second group (Fig. 3b)
show agreement in either the early or late evolution-
ary stage only (in both cases, including the age of
best agreement). Finally, the third group (Fig. 3c)
includes molecules whose model column densities
agree with the observations only over a relatively short
time interval of nearly t = 105 yr. This group includes
ASTRONOMY REPORTS Vol. 57 No. 11 2013
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Fig. 1. The density and temperature distributions in the considered models: (a) TMC-1, (b) DR21(OH)M.
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Fig. 2. Fractions of molecules in TMC-1 for which satisfactory agreement with the observations is achieved, as a function of
the model age.
almost all the complex compounds, such as CH2CN,
CH3C4H, etc.
The age yielding the best agreement is deter-
mined by the competition between the synthesis of
molecules and the freezing-out of molecules onto
dust particles. As was expected, the best agreement
for simple molecules is determined by a balance be-
tween the “rapid chemistry” of carbon compounds
and the “slow chemistry” of nitrogen compounds.
However, the position of the peak (i.e., the estimated
age of the object) is mainly determined by complex
molecules—more precisely, those synthesized in the
gaseous phase—rather than simple ones. The be-
ginning of the ﬁtting interval is associated with a
slow accumulation of these molecules in the gas (in
comparison, e.g., with CO and HCO+), while the end
of this interval corresponds to their gradual passage
into ice mantles.
Figure 4 shows separately how the column densi-
ties of cyano polyynes, which are considered to be key
components of the analyzed region, change over time.
The calculated results for these molecules also corre-
spond well to observations until ages of approximately
t = 2× 105 yr, after which they decrease due to the
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freezing-out of molecules onto dust grains. Accoring
to published data, the large number of carbon chains
in this region is often explained by an anomalous
carbon abundance or a possible recent carbon-rich
matter-accretion event. Our model reproduces their
abundance without additional assumptions.
Molecules for which agreement with the observa-
tions is not reached at all, or is reached at some age
beyond the time of best agreement, are by no means
less interesting. These molecules are marked with
a “–” in Table 2. The origins of these discrepan-
cies are diﬀerent. For example, the theoretical gas-
phase column density of methanol, which is mostly
synthesized in surface reactions, is much lower than
the observed methanol column density in models with
zero reactive desorption. This is obviously due to
the fact that thermal desorption and photodesorption
are not able to evaporate mantles eﬃciently at low
dust temperature and in the absence of high UV
radiation, suggesting that methanol does not pass
from the solid into the gas phase. On the other hand,
overabundances of water and molecular oxygen can
be explained by insuﬃciently eﬃcient freezing-out of
these molecules in our model.
Finally, in some cases, the discrepancies between
the observed and theoretical column densities may
be due to incompleteness of the grid of chemical
reactions used and/or uncertainties in the rate coeﬃ-
cients. The results of adopting a more modern chemi-
cal database can be indirectly estimated by comparing
our results with the data of [27], where the revised
UMIST chemical database was used to study the
chemical evolution of TMC-1. Molecules whose col-
umn densities could not be ﬁtted to the observations
according to [27] are given in bold in Table 2. It
is obvious that the abundances of some molecules
(in particular, O2 and H2O), which are not ﬁt by
our model, are successfully reproduced in the model
of [27]. The success of the model [27] for water
is somewhat tentative: the H2O abundance has an
upper limit of 7× 10−8, while the calculated value
is 6.9 × 10−7 (the ﬁtting criterion in [27] was also
chosen to be a discrepancy no greater than an order
of magnitude). However, there are also molecules
(in particular, OH and N2H+) whose abundances
are explained in our model but do not agree with the
observations in the model of [27]. In other words, the
overall quality of the ﬁtting does not seem to improve
unambiguously when utilizing the other database. Of
course, it is important to remember that the physical
models used in our work and in [27] are appreciably
diﬀerent.
4. DR21(OH)M—COMPLEX MOLECULES
IN A MASSIVE PROTOSTELLAR OBJECT
Further, we consider an evolved object that is part
of the star-forming region DR21(OH) in the north-
ern part of the Cygnus-X complex at a distance of
1.5 kpc [36]. This region has been studied in both
the continuum [37–41] and spectral lines of various
molecules [40, 42–45]. The absence of regions of
ionized hydrogen [44] indicates that the formation of
massive stars in DR21(OH) is in an early stage.
The DR21(OH) region is highly inhomogeneous
and contains several cores: M (which, in turn, is
divided into MM1 and MM2 [46]), N, W, and S. The
cores MM1 and MM2 are the most intense sources
with active star-forming processes, as is testiﬁed to
by the presence of powerful OH [47], H2O [48], and
CH3OH [49] masers. MM1 is a core with a tempera-
ture of approximately 60 K and a mass of 350M [37].
This object is believed to contain at least one pre-
main-sequence star [40] that is deeply embedded in
a dense gaseous envelope. The second core MM2
is less bright than MM1 at all wavelengths, and is
cooler (30 K) and more massive (570M) [37]. This
core is believed to contain an early B star [40].
We mostly used the spectral scan data of [50]
to compare the model with the observations. We
measured the spectrum towards DR21(OH)M at
frequencies 84–115 GHz using the radio telescope
of the Onsala Space Observatory. An analysis of
the measured lines assuming local thermodynamical
equilibrium yielded estimates of the column densi-
ties of 32 molecules and/or their isotopomers, from
simple compounds, such as CO, CS, and HCN, to
complex organic molecules, such as CH3OCHO and
CH3OCH3. The UMIST database contains 24 of
the 32 molecules observed in [50]. A complete list of
these molecules together with the column densities
obtained in [50] are given in Table 4. If the column
density was only available for an isotopomer, this was
recalculated to the column density of the molecule
containing the major isotope using coeﬃcients of 500
for 18O, 275 for 15N, 60 for 13C, and 23 for 34S.
In addition to the column densities given in [50],
we estimated the column densities of CH3OCH3,
CH3C3N, and HCOOCH3 using composite spectra,
as described in [54]. In addition to the molecules
from [50], we also considered column densities of
some other components that were measured in
DR21(OH)M [43, 51–53].
DR21(OH)M has a complex structure [55], al-
though no detailed information on its temperature and
density distributions has been published; only possi-
ble ranges or characteristic values of these parame-
ters have been provided (Table 5). To roughly estimate
the column densities of various chemical components
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Table 4. DR21(OH)M: observational and model column densities calculated for t = 105 yr
Component
Obser- Model Agree- Model Agree- Model Agree- Model Agree- Refer-
vati- DR-H2-0 ment in DR-H2-003 ment in DRS-H2-0 ment in DRS-H2-003 ment in ence
ons the model the model the model the model
C+ 1.5 (17) 1.1 (17) + 1.1 (17) + 9.9 (16) + 9.9 (16) + [43]
C 5.2 (17) 3.1 (17) + 3.0 (17) + 1.5 (17) + 1.4 (17) + [43]
CO 1.6 (19) 2.4 (18) + 2.5 (18) + 8.1 (19) + 8.3 (19) + [50]
HCO+ 1.4 (14) 1.5 (14) + 1.5 (14) + 6.3 (14) + 6.3 (14) + [50]
H2CO 2.7 (14) 1.3 (15) + 1.4 (15) + 8.4 (14) + 1.7 (15) + [50]
HCO 9.8 (13) 4.8 (13) + 5.1 (13) + 1.1 (14) + 8.6 (14) + [50]
H2CCO 3.5 (13) 6.9 (13) + 6.7 (13) + 4.6 (13) + 4.4 (13) + [50]
CS 3.6 (14) 4.7 (13) + 4.8 (13) + 6.0 (13) + 6.1 (13) + [50]
OCS 1.8 (14) 2.0 (13) + 2.5 (13) + 3.1 (14) + 3.1 (14) + [50]
CN 5.0 (14) 2.7 (14) + 2.9 (14) + 2.1 (14) + 2.2 (14) + [50]
HCN 1.8 (14) 7.3 (14) + 7.3 (14) + 4.6 (14) + 4.8 (14) + [50]
HNC 1.7 (14) 5.2 (14) + 5.2 (14) + 3.6 (14) + 3.7 (14) + [50]
H2CCC 4.0 (12) 1.8 (13) + 1.8 (13) + 1.5 (13) + 1.4 (13) + [50]
HC3N 1.0 (14) 9.1 (13) + 9.6 (13) + 5.4 (13) + 5.2 (13) + [50]
CH2NH 5.2 (13) 5.6 (12) + 7.4 (12) + 8.5 (12) + 1.6 (13) + [50]
CH3C3N 1.0 (12) 3.5 (12) + 3.4 (12) + 1.3 (12) + 1.2 (12) + [50]
SiO 2.1 (13) 7.1 (13) + 8.3 (13) + 7.9 (14) – 7.9 (14) – [50]
HCOOH 4.0 (13) 1.2 (14) + 1.3 (14) + 6.1 (14) – 6.3 (14) – [50]
HCl 1.0 (14) 5.4 (12) – 5.9 (12) – 2.2 (14) + 2.2 (14) + [51]
C3H2 7.4 (13) 8.8 (14) – 1.0 (15) – 6.8 (14) + 7.1 (14) + [50]
NH3 1.8 (16) 6.5 (14) – 7.9 (14) – 2.7 (15) + 3.4 (15) + [52]
SO 8.6 (14) 3.7 (13) – 6.4 (13) – 9.3 (13) + 1.3 (14) + [50]
HCOOCH3 3.0 (13) 1.1 (08) – 8.0 (08) – 4.6 (08) – 9.9 (13) + [50]
N2H+ 9.2 (13) 4.1 (12) – 4.8 (12) – 8.2 (12) – 9.7 (12) + [50]
NS 5.1 (13) 2.7 (11) – 6.0 (11) – 1.7 (11) – 5.9 (12) + [50]
C3 2.2 (14) 2.4 (16) – 2.2 (16) – 1.1 (16) – 1.0 (16) – [53]
C2H 3.6 (15) 2.8 (14) – 2.7 (14) – 2.9 (14) – 2.9 (14) – [50]
H2CS 2.3 (15) 1.8 (13) – 1.8 (13) – 1.0 (14) – 1.0 (14) – [50]
CH3OH 5.2 (15) 3.1 (13) – 8.0 (13) – 6.9 (13) – 4.7 (14) – [50]
CH2CHCN 7.0 (12) 1.4 (10) – 1.3 (10) – 1.7 (10) – 1.6 (10) – [50]
HCS+ 1.2 (13) 3.1 (10) – 3.2 (10) – 3.7 (10) – 4.0 (10) – [50]
CH3OCH3 6.0 (13) 4.7 (09) – 2.3 (10) – 1.7 (10) – 9.3 (10) – [50]
in DR21(OH)M, we used a simple, spherically sym-
metric model, which should be considered in this case
as a set of points along the line of sight, rather than an
actual representation of the object’s geometry, with
physical parameters varied at the model points within
the ranges characteristic of DR21(OH)M.
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Table 5. Sample parameters for the massive protostellar object DR21(OH)M based on various observations
Designation
Surface Bulk volume Mass,
Referencedensity, cm−2 density, cm−3 M
DR21(OH)M 7× 1024 1.1× 107 4300 [39]
DR21(OH)MM1 + MM2 1025 5× 107 ∼1000 [40]
DR21(OH)M 3.3× 1024 3.9× 106 2100 [56]
N44, DR21(OH) – 106 446 [57]
DR21(OH) 2.6× 1023 – 1814 [43]
We considered two sets of models (Table 3). The
DR models assumed that the object is fully starless,
and the dust is heated only by the external radiation
ﬁeld. The DRS models assumed that the dense part of
the object is irradiated by a protostar with an eﬀective
temperature of 10 000 K. The adopted temperature
and density distributions are shown in Fig. 1: the
dust temperature in the DRS models was varied from
170 K in the inner region to 12 K at the outer bound-
ary. In the DR models, the cloud remains cold every-
where. The gas temperature was taken to be equal to
the dust temperature everywhere except at the outer
envelope, where the gas temperature was artiﬁcially
increased to 50 K. In all cases, the density was varied
from 2× 107 cm−3 at the center of the model object
to 100 cm−3 at its boundary. These distributions
correspond to a column density of 2× 1024 cm−2 and
a mass of 500 M. The initial abundances of the
chemical components were the same as those used
while modeling TMC-1. Further, we only present
the modeling results for the calculations assuming
the initial hydrogen to be entirely in molecular form,
since the models with initially atomic hydrogen were
less satisfactory for this object, as was also the case
for TMC-1. We considered models with zero reactive
desorption (the H20 models) and with 3%-eﬃcient
reactive desorption (the H2003 models).
A comparison of the model and observed column
densities is provided in Fig. 5. The best agree-
ment between the observed and calculated data
corresponds to an age of approximately 105 yr for
DR21(OH)M, as for TMC-1. More precisely, the
best agreement is reached for an age of ∼ 8× 104 yr
in the DR models (18 of 32 component satisfactorily
ﬁtted) and an age of ∼ 1.2× 105 yr in the DRS
models. The DRS-H2-003 model with reactive
desorption seems to provide the best ﬁt (23 of 32
components satisfactorily ﬁtted); this is shown by the
dotted curve in Fig. 5.
A complete list of all the components considered
is given in Table 4, where the separate blocks show
components for which agreement with observations
was achieved for both groups, only one group, or
neither group. As for TMC-1, the model is able
to reproduce the observed column densities of both
simple and complex components, of carbon, nitrogen,
sulphur, and chlorine compounds, and of components
with high and low abundances (the column-density
range covers six orders of magnitude).
The molecules in the considered list can be divided
into a) molecules whose evolution depends on neither
the presence of the central source nor the value of ξ; b)
molecules whose evolution depends on the presence
of the central source but not on the value of ξ; and
c) molecules whose evolution depends on both these
factors. It is obvious that the ﬁrst group includes
components whose column densities are mainly de-
termined by gas-phase reactions in the outer regions
of the cloud. The second group is comprised of
components whose column densities depend on gas-
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phase reactions in the inner, hot region of the cloud
near the protostar. The third group consists of com-
ponents that form at dust-grain surfaces and enter the
gas phase due to reactive and/or photodesorption.
Figure 6a shows the time dependence of the col-
umn densities of HCN and NH3, which are typical of
the ﬁrst and second groups (the results are shown for
ξ = 0.03, since these column densities depend only
weakly on ξ). In addition to HCN, atomic and ionized
carbon and some nitrogen compounds (CN, HNC,
HC3N, CH3C3N, etc.) also demonstrate a low sensi-
tivity to the model parameters. The ammonia column
density in the DR models (dash-dotted curve) grows
slowly, and fall within the observed range after t ≈ 2×
105 yr only. Ammonia forms more rapidly in the DRS
models, due to the high temperature of the gas in
the central region. The region of enhanced ammonia
abundance begins to appreciably contribute to the
total column density starting at earlier times of ap-
proximately 3× 103 yr (Figs. 6a, 7a). The enhanced
dust temperature in the DRS models also reduces
the eﬃciency of ammonia freeze-out, suggesting that
the gas-phase ammonia abundance remains higher
than in the DR models at later times also. However,
this higher abundance is only observed in a small
volume of the core, due to the high desorption energy
of NH3, and does not contribute appreciably to the
total column density of these molecules. In addition to
ammonia, this behavior is also characteristic of CO,
HCO+, formaldehyde, and other molecules.
The situation for HCN is somewhat diﬀerent
(Figs. 6a, 7a). At earlier times, the column density
of these molecules signiﬁcantly exceeds the observed
value in both groups of models, but the gas-phase
HCN abundance begins to decrease with time. This
is due purely to the freeze-out of molecules onto dust
grains in the DR model, while the freeze-out in the
DRS models is only eﬃcient at distances of more than
1016 cm from the central source. Photodissociation
becomes more appreciable at smaller distances to
the core center, aﬀecting the HCN abundance more
strongly than the ammonia abundance. The products
of ammonia photodissociation (NH, NH2, and NH+3 )
return to the ammonia synthesis chain, whereas the
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CN radical, which arises in HCN photodissociation,
is able to react with O2 to produce OCN, which reacts
with oxygen, yielding CO, CO2, and NO. As a result,
some N atoms pass from HCN to NO, implying that
the gas-phase HCN abundance in the DRS models is
lower than in the DR models at t = 105 yr. However,
this diﬀerence does not contribute appreciably to
the total column density, as is also the case with
ammonia.
If the molecular column density agrees with the
observations in the DRS models but not the DR mod-
els, this implies that the column density has increased
to an “acceptable” level due to an enhanced molecular
abundance in the neighborhood of the protostar, due
to either more eﬃcient gas-phase reactions or pho-
todesorption from the surfaces of dust grains. There
are only two examples when a discrepancy between
the model and observations arises in the presense of a
protostar, rather than its absence. Figure 6b shows
the evolution of the column densities of SiO and
HCOOH, which only show agreement with the ob-
servations for the DR models. The SiO and HCOOH
abundances in the central cells are substantially en-
hanced in the DRS models over the entire calculated
time (Fig. 7b), resulting in extremely high column
densities. In the DR models, SiO and HCOOH freeze
out onto dust grains, reducing the column density to
an “acceptable” level.
The column densities of N2H+, NS, and
HCOOCH3 agree with the observed values only in
models with a protostar and reactive desorption. A
comparison of the model and observed column densi-
ties of N2H+ (Fig. 6c) highlights the arbitrariness
of the adopted ﬁtting criterion. At t = 105 yr, the
column density of N2H+ is near the boundary of the
adopted interval for both the DRS-H2-0 and DRS-
H2-003 models. Formally, agreement is reached
only in the model with reactive desorption; however,
it is obvious that the DRS-H2-003 model is only
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marginally preferred, since the column densities diﬀer
only slightly in the two cases.
A consideration of NS and HCOOCH3 proves
critical in models with reactive desorption (Figs. 6c,
7c). An important contribution to the abundances
of these components is provided by surface reactions,
which are more eﬃcient in the DRS models due to
the high dust temperature in the central part of the
cloud. Reactive desorption must be added to the
model; otherwise, the surface-reaction products are
not able to pass to the gaseous phase.
Finally, the results for seven components—C3,
C2H, H2CS, CH3OH, CH2CHCN, HCS+, and
CH3OCH3—do not ﬁt the observations in either
model for t ∼ 105 yr: apart from C3, their column den-
sities remain lower than the observed values during
most or all of the calculated time. In particular, the
column density of C2H agrees with the observational
results only at times earlier than 104 yr, after which
it becomes more than an order of magnitude lower
than the observed value. However, this discrepancy
remains small until a time of approximately 3× 105 yr.
It is thus obvious that this discrepancy can be
eliminated through a slight correction in the model
parameters, e.g., a small decrease in the desorption
temperature for this molecule or an increase in the
temperature of the central source. The same is
also partly true for methanol, although only in the
DRS-H2-003 model, in which the column densities
of these molecules are slightly beyond the adopted
ﬁtting criterion for 1.2× 105 yr. The eﬀect of reactive
desorption is illustrated in Fig. 7d, which compares
the radial proﬁles of the gas-phase and surface abun-
dances of methanol in the DRS-H2-0 and DRS-H2-
003 models (surface components are marked by the
preﬁx “s-”). Reactive desorption with a 3% eﬃciency
is suﬃcient to enhance the methanol abundance
by several orders of magnitude for distances from
3× 1016 cm to 3× 1017 cm.
Consistent results for methanol can be achieved if
we take a slightly higher value of ξ, since the surface
abundances of methanol greatly exceed its abundance
in the gas phase in both models. At 1.2× 105 yr,
the column density of s-CH3OH in the DRS-H2-
003 model is 9.6× 1018 cm−2, which greatly exceeds
the observed value. In this model, the enhanced dust
temperature also results in the eﬃcient surface syn-
thesis of acrylonitrile and dimethyl ether; however, the
column density of s-CH2CHCN (1.5× 1012 cm−2)
remains lower than the observed value, while the
column density of s-CH3OCH3 (3.3× 1014 cm−2)
exceeds the observed value only slightly. It is obvious
that reactive desorption with an eﬃciency of a few
percent does not solve the problem of the low gas-
phase abundances of these molecules. Desorption
may be partly due to an outﬂow, whose presence was
suggested in [58].
Recall that we have considered here a stationary
model, in which the physical structure of the object
does not change over time. It is possible that the
gas-phase abundances of some molecules could be
raised by the required amount in the stage of hot-
core formation in an evolutionary model with the pho-
todesorption of ice mantles. Neither surface reactions
nor freeze-out can explain the low abundances of
H2CS and HCS+ in the models considered. This may
be due to incompleteness of the chemical databases
used, which do not include all the required reactions
involving sulfur-containing compounds.
5. DISCUSSION AND CONCLUSION
Up to now, studies of protostellar objects with
various masses has been mostly focused on simple
molecules that have been identiﬁed in the millime-
ter and cantimeter bands. The abundances of these
molecules have been determined using a small num-
ber of chemical reactions that do not present prob-
lems in modeling. On the other hand, these molecules
(particularly CO and HCO+) are not very diagnosti-
cally helpful for the early stages of protostellar evo-
lution [9]. Therefore, it is necessary to also consider
more complex compounds whose abundances depend
more strongly on the physical conditions of the model,
a chosen set of chemical reactions (including sur-
face reactions), and the elemental composition of the
medium, e.g., the C/O ratio.
In this work, we have evaluated the ability of a
“typical” multi-point astrochemical model to predict
the abundances of complex molecules in protostellar
objects with various physical parameters and in var-
ious stages of star formation. The results we have
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obtained for TMC-1 generally agree with those of
earlier studies. However, we must bear in mind that
we have considered only the object as a whole when
searching for the best-ﬁt column densities, without
analyzing its structure. More detailed studies may
reveal additional aspects of interest. One of these
concerns the discrepancy between our modeling re-
sults for the evolution of water and the data of [27],
noted above. The relative water abundance in our
model does not exceed 10−8 in the inner part of the
model core, where the physical conditions are similar
to those used in [27], that is, it agrees with “represen-
tative” values of [27]. However, the column density
becomes much higher than the observed value if we
take into account the outer envelope, which contains
much more water. It is obvious that detailed models of
the object’s structure and radiative transfer in various
spectral lines are required in order to analyze the
status of TMC-1 in more detail.
Another remark concerns the chemical inho-
mogeneity of TMC-1 and other cold cores. The
HC5N/NH3 ratios in diﬀerent objects can diﬀer by
two orders of magnitude, while the HC5N/HC3N
ratios in prestellar cores are almost constant ([2]; see
also the references therein). Moreover, the diﬀerence
in the HC7N/NH3 ratios can reach factors of several
tens, even in TMC-1. Possible origins of these
discrepancies can be identiﬁed using Fig. 8, which
shows the column-density ratios for these molecules
as functions of time in the TMC-H2-003 model. It is
obvious that the evolution of HC3N is similar to that
of HC5N (Fig. 4), suggesting that the ratio of their
column densities should depend only slightly on time.
The evolution of HC7N proceeds in a similar way. On
the contrary, the column density of ammonia remains
nearly constant after t ≈ 3× 104 yr. The ratios of
HC5N/NH3 and HC7N/NH3 drop by several orders
of magnitude over a relatively short time in the
vicinity of the time yielding the best agreement, due
to the freeze-out of cyanopolyynes. Therefore, the
noted diﬀerences in the chemical compositions of
cold cores could be due to slight diﬀerences in their
ages. The age gradient mentioned in the Introduction
is consistent with this possibility: the HC7N/NH3
ratio decreases along the main axis of the cloud, from
the Southeast to the Northwest [59]. Moreover, our
model does not require any additional assumptions
about anomalous an C/O ratio or the accretion of
matter enriched with atomic carbon [2].
The application of our model to DR21(OH)M in-
dicates that the model can also yield reasonable re-
sults for evolved objects. In spite of the fact that we
adopted a physical structure that is fairly arbitrary,
the model was able to reproduce the column densities
of more than 70% of the molecules studied. The
modeling results are consistent with the possibility
that the core of DR21(OH)M is in a transitional
stage between a starless core and a protostellar ob-
ject. Analysis of the evolution of various components
indicates that the structure of DR21(OH)M reveals
signs of both the ﬁrst and second stages. The column
densities of most molecules can be reproduced both in
the DR and DRS models. Formally, the DRS model,
in which an object has already begun to warm inside,
proves to be the best. The discrepancy between
our results and the observations is partly due to the
fact that the required amounts of some molecules, in
particular, dimethyl ether and methyl formate, persist
on dust grains, rather than in the gas phase. This
suggests that a warm-up phase should be included in
the model, in order for suﬃcient quantities of organic
compounds to be accumulated in ice mantles, and
then to be converted to the gas phase. We intend
to do this in further studies. Another possibility that
has been considered recently [60] is that complex
organic molecules are eventually formed in gas-phase
reactions, but from reagents that have been produced
on dust grains and ejected into the gas due to reactive
desorption.
The ﬁtting criterion that we have used is not very
rigorous, since it admits discrepancies of up to an
order of magnitude. This criterion is justiﬁed by the
uncertainties that arise when recalculating the ob-
served line intensities to column densities. However,
the applied physical model enables more reasonable
comparisons based on theoretical modeling of spec-
tral line proﬁles. We cannot rule out the possibility
that some of our results could change. Speciﬁcally,
the radial distribution of CO throughout the cloud has
two peaks in the DRS model—at the outer boundary
and in the central part of the cloud. Their weights to
the column density are equal, but the line-excitation
conditions in these two regions diﬀer strongly, imply-
ing that their contributions to the CO(1–0) intensity
should be substantially diﬀerent. Only modeling of
the radiative transfer can help in addressing this prob-
lem. The model we have presented can serve as a
good base for such studies.
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